We investigate the impact of an ionising X-ray background on metal-free Population III stars within a minihalo at z 25 starting from cosmological initial conditions. Using the smoothed particle hydrodynamics code gadget-2, we attain sufficient numerical resolution to follow the gas collapsing into the centre of the minihalo up to densities of 10 12 cm −3 , at which point we form sink particles. This allows us to study how the presence of a cosmic X-ray background (CXB) affects the formation of H 2 and HD in the gas before it becomes fully molecular. These molecules play a major role in the cooling and fragmentation of the collapsing gas, which governs the final mass of the stars formed. The primordial initial mass function, in turn, determines the impact the first stars have on subsequent cosmic evolution. Using a suite of simulations for a range of possible CXB models, we follow each simulation for 5000 yr after the formation of the first sink particle. The CXB provides two competing effects, with X-rays both heating the gas and enhancing its ability to cool by increasing the free electron fraction, allowing more H 2 to form. We find that X-ray heating dominates below n ∼ 1 cm −3 , while the additional cooling catalysed by X-ray ionisation becomes more important above n ∼ 10 2 cm −3 . Heating the gas impedes its collapse, decreasing the total amount of gas within the virial radius of the minihalo, and by extension, the total amount of gas available for star formation; the mass of the sinks formed in each simulation decreases accordingly. However if the CXB is strong enough, the gas that does collapse cools sufficiently to activate HD cooling, leading to further cooling and fragmentation. If at the same time the CXB is also not so strong as to choke off the supply of gas collapsing into the halo, this additional cooling allows more of the available gas to collapse to high densities, counteracting the effects of X-ray heating at low densities and increasing both the total mass and number of sink particles dramatically. This leads to a 'Goldilocks' range of CXB strengths for which fragmentation increases significantly, from 2-3 sink particles to 10; continuing to increase the CXB chokes off the gas supply and suppresses both sink formation and fragmentation.
INTRODUCTION
The formation of the first stars in the Universe marked a watershed moment in cosmic history. It was during this as-yet unobserved epoch that our Universe began its transformation from the relatively simple initial conditions of the Big Bang to the complex tapestry of dark matter (DM), galaxies, stars and planets that we see today (Barkana & Loeb 2001; Miralda-Escudé 2003; Bromm et al. 2009; Loeb 2010) . The E-mail: jhummel@utexas.edu radiation from these so-called Population III (Pop III) stars swept through the Universe, beginning the process of reionisation (Kitayama et al. 2004; Sokasian et al. 2004; Whalen et al. 2004; Alvarez et al. 2006; Johnson et al. 2007; Robertson et al. 2010) , while the heavy elements forged in their cores and released in the violent supernova explosions marking their deaths began the process of chemical enrichment (Madau et al. 2001; Mori et al. 2002; Bromm et al. 2003; Heger et al. 2003; Umeda & Nomoto 2003; Tornatore et al. 2007; Greif et al. 2007 Greif et al. , 2010 Wise & Abel 2008; Maio et al. 2011 ; recently reviewed in Karlsson et al. 2013) . These ef-fects are strongly dependent on the characteristic mass of Pop III stars, which determines their total luminosity and ionising radiation output (Schaerer 2002) , and the details of their eventual demise (Heger et al. 2003; Heger & Woosley 2010; Maeder & Meynet 2012) . As a result, developing a thorough knowledge of how environmental effects influence the properties of these stars is crucial to understanding their impact on the intergalactic medium (IGM) and subsequent stellar generations.
While the complexities of the various physical processes involved have so far prevented a definitive answer to this question, the basic properties of the first stars have been fairly well established, with the consensus that they formed in dark matter 'minihaloes,' having on the order of 10 5 − 10 6 M at z 20 (Couchman & Rees 1986; Haiman et al. 1996; Tegmark et al. 1997) . Pioneering numerical studies of the collapse of metal-free gas into these haloes, where molecular hydrogen was the only available coolant, suggested that Pop III stars were very massive-on the order of 100 M -due to the lack of coolants more efficient than H2 (e.g., Bromm et al. 1999 Bromm et al. , 2002 Abel et al. 2002; Yoshida et al. 2003; Bromm & Larson 2004; Yoshida et al. 2006; O'Shea & Norman 2007) . More recent simulations, benefiting from increased resolution, have found that significant fragmentation of the protostellar disk occurs during the star formation process, with the protostellar cores ranging in mass from ∼0.1 to tens of solar masses (Stacy et al. 2010; Clark et al. 2011a,b; Greif et al. 2011 Greif et al. , 2012 Stacy & Bromm 2013; Hirano et al. 2014) , with a presumably flat initial mass function (IMF; Dopcke et al. 2013) .
One intriguing outcome of these studies is that while the protostellar disk does indeed fragment, it only marginally satisfies the Gammie (2001) criterion for disk instability (Clark et al. 2011b; Greif et al. 2011 Greif et al. , 2012 . While protostellar feedback is insufficient to stabilise the disk Stacy et al. 2012a) , it is possible that an external heating source could serve to stabilise the disk and prevent fragmentation. One promising source of such an external background is far-ultraviolet radiation in the LymanWerner (LW) bands (11.2-13.6 eV). While lacking sufficient energy to interact with atomic hydrogen, LW photons efficiently dissociate H2 molecules, which serve as the primary coolant in primordial gas. This diminishes the ability of the gas to cool, but studies have found that the critical LW flux required to suppress H2 cooling is far above the expected mean value of such radiation (Dijkstra et al. 2008) . Another possible heating source was recently explored by Smith et al. (2012) , who investigated the ability of DM annihilation to suppress fragmentation of the protostellar disk. While such heating is unable to suppress star formation, it does serve to stabilise the disk, suppressing fragmentation within 1000 AU of the central protostar, at least for a while (Stacy et al. 2012b (Stacy et al. , 2014 .
While LW radiation alone is unable to reliably suppress H2 cooling in minihaloes, significant sources of LW photons, i.e., active star forming regions, contain large numbers of massive stars, and possibly mini-quasars as well (Kuhlen & Madau 2005; Jeon et al. 2012 Jeon et al. , 2014 . Not only do massive stars end their lives as supernovae, leaving behind remnants that are significant sources of X-rays, a significant fraction of these stars are likely to be in tight binaries (e.g., Clark et al. 2011b; Greif et al. 2012 ) and produce high-mass X-ray binaries (HMXBs). As the cross-section of neutral hydrogen for X-rays is small, such photons easily escape their host haloes, building up a cosmic X-ray background (CXB ; Oh 2001; Glover & Brand 2003) . This CXB serves to both heat and increase the ionisation fraction of gas in neighbouring minihaloes, which in turn can serve to increase the H2 fraction of the gas by increasing the number of free electrons available to act as catalysts.
In this paper we consider the effects of such an X-ray background on Pop III star formation. In Section 2 we provide the cosmological context for this study, estimating both the expected intensity of the CXB, and the amount of additional heating required to prevent minihalo collapse. Our numerical methodology is described in Section 3, while our results are found in Section 4. Finally, our conclusions are gathered in Section 5. Throughout this paper we adopt a ΛCDM model of hierarchical structure formation, using the following cosmological parameters: ΩΛ = 0.7, Ωm = 0.3, ΩB = 0.04, and H0 = 70 km s −1 Mpc −1 .
COSMOLOGICAL CONTEXT

Early Cosmic X-ray Background
The predominant source of X-rays at high redshifts was likely HMXBs. Supermassive black holes were not yet common during this era, and while supernovae produce significant X-ray radiation, their transient nature precludes them from efficiently building up an X-ray background. We can calculate the energy density uxr of X-rays produced by HMXBs as follows:
where fhmxb is the mass fraction of stars that form HMXBs, Ψ * (z) is the comoving star formation rate density (SFRD) as a function of redshift, and Lxr, Mhmxb and ∆thmxb are the X-ray luminosity, mass and lifespan of a typical HMXB, respectively. The X-ray background accumulates over the Hubble time th, and the factor of (1 + z) 3 accounts for the conversion from a comoving SFRD to a physical energy density.
We employ the SFRD calculated by Greif & Bromm (2006) , but see Campisi et al. (2011) for a more recent calculation in the context of Pop III gamma-ray burst observations. Their estimate incorporates both Pop III and Population I/II star formation with self-consistent reionisation and chemical enrichment. Their SFRD history only extends out to z = 30; we extrapolate back to z = 100 using a simple log-linear fit.
The mass fraction of stars forming HMXBs, fhmxb, is determined by the mass fraction of stars forming black holes fbh, the fraction of black holes in binary systems f binary and the fraction of binaries close enough for mass transfer to occur f close . As their IMF is nearly flat with a characteristic mass of a few ×10 M (Bromm 2013), we make the plausible assumption that half of all Pop III stars end up forming black holes. Recent work by Stacy & Bromm (2013) found that just over half of Pop III stars end up in binary pairs; we set f binary accordingly. While the orbital distribution of nearby solar-type stars is well-studied (e.g., Duquennoy & Mayor 1991) , that of Pop III stars is still very uncertain (but see Stacy & Bromm 2013) . We therefore assume that the orbital distribution of Pop III stars is flat, i.e, dN/dlog a is constant, with a minimum orbital radius of a = 10 R and a maximum of 6.5 pc, which is approximately the size of the self-gravitating baryonic core of a minihalo. For mass transfer onto the BH to occur, the companion star must at some point exceed its Roche limit; hence we designate all binaries with orbital distances less than 100 R as 'close.' Doing so, we find that approximately 2/15 of Pop III binaries will be close enough for mass transfer to occur. Thus, for Pop III stars, we can estimate fhmxb as follows:
HMXBs will accrete material at close to the Eddington limit, so we can approximate
where Lhmxb is the bolometric luminosity. Following Jeon et al. (2014) , we assume that the spectral distribution of the emerging radiation takes the form of a thermal multicolour disk at frequencies below 0.2 keV, and that of a nonthermal power law at higher frequencies. Assuming the entire accretion luminosity is emitted between 13.6 eV and 10 keV, the fraction of the total luminosity emitted between 1 and 10 keV is approximately 30%. We choose 1 keV for the lower limit as the cross section of neutral hydrogen increases rapidly at lower frequencies. X-rays below ∼ 1 keV thus cannot efficiently contribute to a pervasive background.
We therefore approximately set Lxr 3 10 Lhmxb.
Assuming the typical lifespan of an HMXB is 10 7 yr (Jeon et al. 2012) , the average intensity of this radiation Jxr(z) is then given by
where hνmin = 1 keV and hνmax = 10 keV. Following Inayoshi & Omukai (2011), we employ Jν,xr(z) = Jν,0(z) ν ν0
where hν0 = 1 keV, and Jν,0(z) is the normalisation factor. In addition to this fiducial estimate for Jxr(z), henceforth referred to as model J0, we consider three additional models with ten, one hundred and one thousand times the intensity of J0, as shown in Figure 1 .
Jeans Mass Filtering under X-ray Feedback
Collapse Suppression
The presence of an ionising X-ray background will necessarily heat the gas in the IGM. As a result, collapse into a minihalo will be suppressed when the thermal energy of the gas exceeds the baryonic gravitational potential energy of the minihalo in question. The baryonic gravitational potential energy of a minihalo prior to collapse is given by
Figure 1. X-ray average intensity as a function of redshift. The solid line represents our fiducial model J 0 , while the dashed, dotdashed and dotted lines denote 10, 100, and 1000 J 0 , respectively. The dashed red line denotes the critical intensity above which collapse of the baryonic component into a 10 6 M halo is suppressed, while the solid red line marks the intensity above which blowout will occur for the same minihalo.
where Mvir and Rta are the virial mass and radius of the minihalo at turnaround, respectively. The gas in the minihalo will naturally undergo adiabatic heating as it is compressed, but the cooling provided by the formation of molecular hydrogen keeps this process from halting collapse. An additional heating mechanism, provided here by X-rays, is required to prevent dissipational collapse of the gas. We approximate this excess thermal energy E th as
where Γxr is the X-ray heating rate per unit volume and t ff is the freefall time on which gravity draws gas into the minihalo, given by
where ρ b is the background density. The critical heating rate Γxr,crit for suppressing collapse then is given by
Utilising the fact that
and
where ρ0 is the average matter density at the present epoch, we can solve for Γxr,crit as a function of halo mass and redshift:
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where we have normalised to typical minihalo values. Given that Γxr is related to the intensity of the CXB via Eq. (6) as follows:
where n is number density, we can similarly estimate the critical X-ray background required to suppress collapse:
Minihalo Blowout
We may also calculate the CXB intensity above which 'blowout' will occur, where the X-ray background provides enough heating to evacuate gas from the potential well. In this case the minihalo has already virialized, so the baryonic gravitational potential energy is given by
and the excess thermal energy required to evacuate the halo can be approximated as
where the relevant freefall time is now
This allows us to solve for Γ xr,blowout and J xr,blowout , the critical X-ray heating rate and CXB intensity, respectively, above which the halo will be evacuated, both as a function of halo mass and redshift:
Both Jxr,crit and J xr,blowout are shown in Figure 1 for a 10 6 M minihalo. The area bracketed by these lines can be interpreted as the approximate range in which the CXB will begin to have a significant impact on the collapse of gas into such a minihalo.
NUMERICAL METHODOLOGY
Initial Setup
We use the well-tested N -body smoothed particle hydrodynamics (SPH) code gadget-2 (Springel 2005) . We initialised our simulations in a periodic box of length 140 kpc (comoving) at z = 100 in accordance with a ΛCDM model of hierarchical structure formation. An artificially enhanced normalisation of the power spectrum, σ8 = 1.4, was used to accelerate structure formation. See Stacy et al. (2010) for a discussion of the validity of this choice. High resolution in this simulation was achieved using a standard hierarchical zoom-in technique for both DM and SPH particles. Three nested levels of additional refinement at 40, 30 and 20 kpc (comoving) were added, each centred on the point where the first minihalo forms in the simulation. As resolution increases, each 'parent' particle is replaced by eight 'child' particles, such that at the greatest refinement level, each original particle has been replaced by 512 high-resolution particles. These highest-resolution SPH particles have a mass msph = 0.015 M , such that the mass resolution of the simulation is Mres 1.5N neigh msph 1 M , where N neigh 32 is the number of particles used in the SPH smoothing kernel (Bate & Burkert 1997) .
Thermodynamics and Chemistry
Our chemistry and cooling network is the same as that described in Greif et al. (2009 Of particular importance is cooling via the rovibrational modes of H2, which are excited by collisions with H and He atoms and other H2 molecules. At high densities, additional H2 processes must also be included in order to properly model the gas evolution. For example, three-body H2 formation and the associated heating becomes important above n 10 8 cm −3 (Turk et al. 2011 ). The formation rates for these reactions are uncertain; we employ the intermediate rate from Palla et al. (1983) . At densities greater than ∼10 9 cm −3 , the ro-vibrational lines for H2 become optically thick, decreasing the efficiency of such cooling. We employ the Sobolev approximation and an escape probability formalism to account for this (see Yoshida et al. 2006; Greif et al. 2011 for details).
X-ray Ionisation and Heating
To study the effects of X-ray ionisation and heating on primordial star formation, we implement a uniform X-ray background as discussed in Section 2.1. Over the length scale of our cosmological box, the X-ray optical depth of primordial gas is 1 for densities up to the limit of our simulation (10 12 cm −3 ). For further details, see Jeon et al. (2012 Jeon et al. ( , 2014 . As such, attenuation of the incident X-ray radiation while penetrating the halo is negligible, and the resulting ionisation rate coefficient for chemical species i can be written as
where νmin = 1 keV/h and νmax = 10 keV/h. We use the standard expressions for the photoionisation cross sections σ i ν of hydrogen and helium (e.g., Barkana & Loeb 2001; Osterbrock & Ferland 2006) .
We include the effects of secondary ionisation from energetic electrons released by the absorption of X-ray photons by adopting the fitting formulae of Shull & van Steenberg (1985; see also Valdés & Ferrara 2008; Furlanetto & Stoever 2010) , who calculated the fractions of the initial electron energy going into heating the surrounding gas, as well as into secondary ionisations of H i and He i (fH and fHe, respectively). While such secondary ionisation events have a significant impact on the ionisation fraction of H i and He i, secondary ionisations of He ii are negligible (Shull & van Steenberg 1985) , and are not included here. The effective ionisation rates are thus given by
where
Here Γi is the heating rate at which excess energy from the initial X-ray photoionisation is released into the gas, given by
where ν i ion is the ionisation threshold of the species in question; hνion = 13.6 eV, 24.6 eV and 54.4 eV for hydrogen, neutral helium and singly ionised helium, respectively.
The fraction of the initial electron energy going into secondary ionisations depends on the hydrogen ionisation fraction xion,H as follows: 
Thus the total heating rate Γ tot i , including contributions from both primary and secondary ionizations, can be written as
Sink Particles
We employ the sink particle method described in Stacy et al. (2010) . When the density of a gas particle exceeds nmax = 10 12 cm −3 , we replace it and all non-rotationally-supported particles within the accretion radius racc with a single sink particle. We set racc equal to the resolution length of the simulation: racc = Lres 50 AU. Here, Lres 0.5
Mres ρmax
where ρmax = nmaxmH. The sink thus immediately accretes the majority of the particles within its smoothing kernel, such that its mass M sink is initially close to Mres 1 M . Once the sink is formed, additional gas particles and smaller sinks are accreted as they approach within racc of that sink particle. After each accretion event, the position and momentum of the sink particle is set to the mass-weighted average of the sink and the accreted particle.
Following the creation of a sink particle, its density, temperature and chemical abundances are no longer updated. The sink's density is held constant at 10 12 cm −3 , Figure 2 . Shown here are the Jeans mass (dotted lines) and total enclosed mass (solid lines) within a given radius for both the Jxr = 0 (upper panel) and Jxr = 1000 J 0 case (lower panel).
Here we calculate the Jeans mass using the average density and temperature within that radius, extending out to the virial radius of the halo. The Jxr = 0 case is shown just prior to the formation of the first sink particle; the Jxr = 1000 J 0 case is shown at the maximum density reached over the course of the simulation.
and its temperature is kept at 650 K, typical for collapsing gas reaching this density; the pressure of the sink is set correspondingly. Assigning a temperature and pressure to the sink particle in this fashion allows it to behave as an SPH particle. This avoids the creation of an artificial pressure vacuum, which would inflate the accretion rate onto the sink (see Bromm et al. 2002; Martel et al. 2006) . The sink's position and momentum continue to evolve through gravitational and, initially, hydrodynamical interactions with the surrounding particles. As it gains mass and gravity becomes the dominant force, the sink behaves less like an SPH particle and more like a non-gaseous N -body particle.
RESULTS
Strong Background
Minihalo collapse in the Jxr = 1000 J0 case is completely suppressed. While the gas in the very centre of the minihalo does initially begin to cool via H2, this process is quickly overwhelmed by heating from the increasingly strong X-ray background. Despite reaching densities and temperatures approaching n 50 cm −3 and T 200 K this cold core is eventually dissipated as the CXB continues to heat the gas. The reason for this suppression is demonstrated clearly in Figure 2 , where we have shown the enclosed mass and the Jeans mass as a function of radius for both the Jxr = 0 and the Jxr = 1000 J0 case. Here, we calculate the Jeans mass using the average density and temperature within a given radius, extending out to the virial radius of the halo. The Jxr = 0 case is shown just prior to the formation of the first sink particle in that simulation; the Jxr = 1000 J0 case is shown at the maximum density reached over the course of the simulation. While the enclosed mass in the Jxr = 0 minihalo exceeds the Jeans mass on all scales, and thus is univer- Figure 3 . Density projection of the final simulation output 5000 yr after the formation of the first sink particle on progressively smaller scales for both the Jxr = 0 (top) and Jxr = 100 J 0 (bottom) simulations. White boxes mark the region depicted on the next smaller scale. Top left: full simulation box. Top right: minihalo and surrounding filamentary structure. Bottom right: central 100 pc of minihalo. Bottom left: central 10 pc. The density scale for each panel is included just to the right -note that the scaling changes from panel to panel. In both cases, note how the morphology approaches an increasingly smooth, spherical distribution on the smallest scales, where the gas is in quasi-hydrostatic equilibrium. Bottom: note how the inclusion of a CXB strongly suppresses collapse in the Jxr = 100 J 0 case; while the filamentary structure is still visible, it has experienced significant heating, and the total amount of gas within the virial radius (100 pc scale) has decreased significantly.
c 0000 RAS, MNRAS 000, 000-000 Figure 4 . Mass-weighted temperature distribution of the collapsing core in each simulation, shown just prior to sink formation. Dashed lines denote the CMB temperature. Note how the gas at low densities gets progressively hotter and gas in the loitering phase and higher densities gets progressively cooler with increasing Jxr.
sally collapsing, the cold core in the Jxr = 1000 J0 minihalo never gains sufficient mass to exceed the Jeans criterion. As a result, the gas in the halo remains pressure-supported and cannot collapse, eventually fully evacuating the halo. As the CXB heats the gas thermal pressure support increases, slowing collapse to higher densities. This has the added effect of inhibiting the gas's ability to cool, as below densities of n ∼ 1 cm −3 the formation efficiency of H2 is strongly dependent upon the gas density. This reduces the ability of the gas to radiate away its gravitational energy, further suppressing collapse. Eventually, as the strength of the CXB and thus thermal pressure support continue to increase, the thermal energy of the gas exceeds the gravitational binding energy of the halo, leading to its eventual evacuation. In the Jxr = 1000 J0 case, we find that the gas begins to evacuate our 2 × 10 5 M minihalo at z ∼ 30, in line with our estimate for Γ xr,blowout in Section 2.2 (see Figure 1 ). Figure 3 shows the final simulation output on various scales for both the J = 0 and Jxr = 100 J0 case. While the expected filamentary structure is visible in all cases, the effects of X-ray heating in the Jxr = 100 J0 case are readily apparent, with the low-density filamentary gas experiencing significant heating. We define the virial radius Rvir as the point at which ρ = ρvir ≡ 178 ρ b , where ρ, ρvir and ρ b are the average halo density, the density at the point of virialization and the background density at the time of halo virialization. Doing so, we find that Rvir 85 pc and Mvir 2.1×10 5 M in the Jxr = 0 case, typical for the minihalo environment (Bromm 2013) . Turning on the CXB, we find that the flow of gas into the halo slows considerably, with an enclosed gas mass within the virial radius at simulation's end of 2.4, 2.2, 1.9 and 1.2 × 10 4 M in the Jxr = 0, 1, 10 and 100 J0 cases, respectively. This is evident in the lower panel of Figure 3 , where we see a significant reduction in the supply of cold, dense gas in the centre of the minihalo.
Moderate to Weak Background
Initial Collapse
After the minihalo virializes, the gas continues to collapse in accordance with the standard picture of Pop III star formation (e.g., Stacy et al. 2010; Greif et al. 2012; Stacy & Bromm 2013 ). This picture is modified slightly in the presence of an X-ray background, but in the Jxr = 0 case the gas heats adiabatically until reaching n ∼ 1 cm −3 , attaining temperatures of ∼1000 K. Beyond this point, the gas is able to cool via the rovibrational modes of H2, reaching a minimum temperature of ∼200 K at a density of n ∼ 10 4 cm −3 . After exiting the quasi-hydrostatic 'loiter- ing phase' (Bromm et al. 2002) , the gas enters runaway collapse until n ∼ 10 8 cm −3 , when three-body reactions become important. This process turns the gas fully molecular by n ∼ 10 12 cm −3 , the density at which we form sink particles. As seen in Figure 4 , this basic picture holds true even as we vary the strength of the CXB by several orders of magnitude. We find that X-ray heating dominates below n ∼ 1 cm −3 in all cases, whereas above n ∼ 10 2 cm −3 the additional cooling catalysed by X-ray ionisation becomes dominant; the precise density at which this transition occurs depends on the strength of the CXB. This enhanced cooling significantly impacts the subsequent evolution of the gas as it collapses to higher densities; the minimum temperature of gas in the loitering phase approaches the CMB floor as Jxr increases and the gas remains cooler than that of the Jxr = 0 case in all later phases of the collapse.
It should also be noted that the strength of the CXB has a substantial effect on the rate at which gas in the minihalo collapses to high densities. We find that the gas first reaches densities of 10 12 cm −3 at z = 25. 04, 25.77, 26.68 and 26.63 in the Jxr = 0, 1, 10 and 100 J0 cases, respectively. This difference of more than 2.2 Myr between the Jxr = 0 and Jxr = 10 J0 case can be directly attributed to the lower temperature of the gas in the loitering phase: lowering the temperature allows the gas to more easily fulfil the Jeans criterion and thus collapse sooner. If this were the only effect, we would expect the Jxr = 100 J0 case to collapse even earlier than the Jxr = 10 J0 case. However, the CXB also serves to heat the gas at low densities, limiting the supply of cold dense gas entering the loitering phase and thus inhibiting its ability to meet the Jeans criterion. This is evident from the total amount of gas in the cold core of the minihalo (defined here as all gas with n 10 2 cm −3 ), with 2.5, 2.2, 2.1 and 1.3 × 10 3 M in the Jxr = 0, 1, 10 and 100 J0 cases, respectively. Figure 5 shows the growth over time of all sink particles formed in our simulations, from the formation of the first sink particle to simulation's end 5000 yr later. Sink particles are formed when the gas in the centre of the minihalo reaches 10 12 cm −3 , and in all cases we see a central disk form within 300 yr of the first sink particle. The Jxr = 0, J0 and 100 J0 cases all form a second sink within ∼1000 yr of the first, and maintain a stable binary system for the duration of the simulation. The growth of the sink particles in these systems slows as Jxr increases, with the total mass of the sink particles after 5000 yr reaching 41.0, 23.3 and 10.7 M , respectively. This attenuation of the growth rate arises from a decrease in the mass of the central accretion disk, as is evident in Figure 6 , where we have shown the density structure of the central 5000 AU of each simulation. Defined as all gas above n = 10 8 cm −3 , at the end of the simulation the total mass of the disk is 100, 45 and 20 M in the Jxr = 0, J0 and 100 J0 cases, respectively. With a smaller reservoir to draw from, the sinks in the higher CXB simulations necessarily grow more slowly.
Formation of a Central Disk
As is readily apparent from Figure 7 , where we show the total mass in sinks for all four simulations, the be- Figure 6 . Density projection of the central 5000 AU of each simulation 5000 yr after formation of the first sink particle. From left to right: Jxr = 0, J 0 , 10 J 0 , 100 J 0 . Top row shows the face-on density projection; bottom row shows an edge-on projection. Black dots mark the location of all sink particles, and scale with the mass of the sink. Note the significant morphological difference of the Jxr = 10 J 0 case, and the decrease in total disk mass moving from left to right (excluding Jxr = 10 J 0 ). haviour of the Jxr = 10 J0 case departs dramatically from the other three simulations, for reasons to be further discussed in Section 4.3. While the other three cases show the same general behaviour, growing steadily for the duration of the simulation, the Jxr = 10 J0 case does not fit this general trend. As shown in Figure 5 , rather than forming a stable binary pair, this case is much more susceptible to fragmentation. A small multiple rapidly forms, with three short-lived sinks forming in the central disk in addition to the dominant binary system. This is in contrast to the other simu- Table 1 . Total gas mass in various minihalo components for each simulation at t = 5000 yr. Here we have defined Mcore and M disk as the total gas mass with n 10 2 cm −3 and n 10 8 cm −3 , respectively. The Star Formation Efficiency (SFE) is defined as the ratio of M sink to Mcore. lations, where at most one additional sink forms, at much later times. We also see a significant morphological difference in this case; rather than forming a relatively uniform disk, the 10 J0 case displays a pronounced spiral structure, with five additional sinks forming in the spiral arm beginning ∼3000 yr after the first sink forms. We may also define the Star Formation Efficiency (SFE) as the fraction of the total mass in the cold core that ends up in sinks. While the fraction of the disk mass in sink particles remains at ∼ 50% across all simulations, the SFE of the 10 J0 simulation is twice that of the Jxr = 0 simulation (see Table 1 ).
Activation of the HD Cooling Channel
The departure of the Jxr = 10 J0 case from the general trend seen in the other cases is primarily due to activation of the HD cooling channel. The dominant reactions controlling the abundance of HD in primordial gas are
Below 462 K, reaction (31) is favoured over reaction (32), so that chemical fractionation occurs. This allows HD to become an effective coolant at low temperatures despite the small cosmic D/H abundance ratio (Stancil et al. 1998 ). However, activation of this cooling mechanism does not occur under typical minihalo conditions (Bromm et al. 2002) , only becoming important when the gas is sufficiently ionised (Nakamura & Umemura 2002; Nagakura & Omukai 2005; Johnson & Bromm 2006; Shchekinov & Vasiliev 2006; Johnson et al. 2007; Yoshida et al. 2007; McGreer & Bryan 2008; Nakauchi et al. 2014) . This is because HD cooling only takes over when the gas is sufficiently cold (Glover 2008) . Thus, in order to activate the HD cooling channel, the gas must form enough H2 to cool it to the critical threshold, which in turn requires sufficient ionisation to enhance the H2 fraction to the necessary level. This process is illustrated in Figure 8 , where we show the free electron, H2 and HD fractions versus gas density for our Jxr = 0 through 100 J0 simulations at initial sink formation. In the Jxr = 100 J0 case, sufficient H2 forms to cool nearly all the gas above n 10 3 cm −3 below 200 K, with the chemical fractionation of HD beginning to saturate by the time the gas reaches n 10 4 cm −3 . As a result, the gas quickly cools to the CMB floor (see Figure 4) . In the Jxr = 0, J0 and 10 J0 cases, the HD fraction exhibits the same general behaviour up to n ∼ 10 7 cm −3 , albeit with a slight enhancement of the HD fraction at a given density as the CXB increases. Above ∼10 7 cm −3 however, the 10 J0 case begins to separate into two distinct phases. This can be seen in the temperature evolution of the gas in Figure 4 as well; between n 10 7 and 10 8 cm −3 , most of the gas quickly cools to ∼200 K before continuing to heat as it collapses to higher densities. This bifurcation occurs due to the critical threshold behaviour of HD cooling: gas that manages to cool sufficiently via H2 for significant HD fractionation to occur rapidly cools even further, while gas that does not attain this threshold remains hot.
That this behaviour is responsible for the multiplicity spike exhibited in the Jxr = 10 J0 case is demonstrated further in Figure 9 , where we show the temperature and density of each particle at sink formation separated into radial bins centred on the density peak in the minihalo. Within 10 3 AU, while the gas temperature-and thus the Jeans mass required for collapse-decreases as Jxr increases, the total gas mass decreases as well due to Jeans Mass filtering at low densities (see Section 2.2), with 29.7, 15.1, 12.7 and 8.2 M of gas inside this radius in the Jxr = 0, J0, 10 J0 and 100 J0 cases, respectively. This offsets the effects of lowering the temperature, and allows for the survival of a stable central disk dominated by a single binary system; though additional sink particles form within the central disk in the 10 J0 case, they are quickly accreted by the two primary sink particles. However, outside the central 10 3 AU core there is clear evidence of a phase transition caused by activation of the HD cooling channel. In the J0 case, the ionisation provided by the CXB allows additional H2 to form, so the gas is slightly cooler than the Jxr = 0 case in every radial bin. It is also Figure 8 . Activating the HD cooling channel. From top to bottom: free electron fraction, H 2 fraction and HD fraction of the collapsing core for each simulation. Each panel shows the massweighed distribution for the Jxr = 0, J 0 , 10 J 0 and 100 J 0 in black, blue, green and red, respectively. Note the steady increase in electron fraction and H 2 fraction from Jxr = 0 to 100 J 0 , as compared to the abrupt changes in the HD fraction distribution in the Jxr = J 0 , 10 J 0 and 100 J 0 cases. less dense, as there is roughly half as much gas in a given radial bin as compared to the Jxr = 0 case. In the absence of HD cooling then, one would expect gas at a given radius in the 10 J0 case to be slightly cooler and less dense than the J0 case. As Figure 9 shows however, activation of the HD cooling channel alters the situation dramatically. Beyond 10 3 AU, while some of the gas sits at similar densities and temperatures to the J = 0 and J0 cases, most of the gas above n ∼ 10 7 cm −3 quickly cools to between 100 and 200 K, collapsing to higher densities than seen in other cases in the process. In particular, we see that the gas Figure 9 . Temperature distribution of all particles in radial bins surrounding the density peak in the centre of the minihalo, shown just prior to the formation of the first sink particle. Particles from the Jxr = 0, J 0 , 10 J 0 and 100 J 0 simulations are shown in black, blue, green and red, respectively.
between 10
3 and 2 × 10 3 AU is already well on its way to n = 10 12 cm −3 , setting the stage for the secondary fragmentation seen ∼3000 yr later. It should also be noted that gas in the 'hot phase' of the 10 J0 simulation is actually warmer than the gas at corresponding densities in the J0 case. This is due to the cold gas crossing the critical threshold for HD cooling and suggests that while the J0 case does not activate the HD cooling channel, it may actually be quite close to doing so (see McGreer & Bryan 2008) .
Finally, in the Jxr = 100 J0 case, HD cooling has dropped the gas to near the CMB floor in all radial bins, but unlike the 10 J0 case the maximum density reached in a given bin is comparable to that in the Jxr = 0 case. This explains why the sink growth pattern and disk morphology in the 100 J0 case is so similar to the Jxr = 0 and J0 cases. Then the question is why does the gas not fragment in similar fashion to the 10 J0 case? This is because there is simply not enough material available to do so. For example, there are 8.2 M of gas within 10 3 AU in the 100 J0 case as compared to 29.7 M in the Jxr = 0 case, while between 10 3 and 2 × 10 3 AU there are only 4.8 M as compared to 22.5 and 10.9 M in the Jxr = 0 and J0 cases, respectively. So while the gas is cold, it does not fragment because the gas supply has been choked off via Jeans Mass filtering, as discussed in Section 2.2. This is in contrast to the behaviour of the 10 J0 case, where the total mass between 10 3 and 2 × 10 3 AU is 18.0 M , nearly double the 10.9 M for the same radial bin in the J0 case. In this case, the enhanced ability of the gas to cool and collapse via HD cooling overwhelms the Jeans Mass filtering due to the CXB. As such, there exists a 'Goldilocks' range of CXB strengths for which Jxr is strong enough to activate the HD cooling channel, but not so strong as to choke off the supply of gas collapsing into the minihalo. The Jxr = 10 J0 case falls squarely in this range, and as a result experiences significantly enhanced fragmentation.
SUMMARY AND CONCLUSIONS
We have performed a suite of cosmological simulations employing a range of CXB models, focusing on the impact of such a background on Pop III stars forming in a minihalo. As three-body processes turn the gas fully molecular by n = 10 12 cm −3 , following the evolution of the gas up to this density allows us to fully capture the impact of a CXB on H2 and HD cooling in the gas. After the gas reaches 10 12 cm −3 we form sink particles, enabling us to study the subsequent evolution of the system, which we follow for an additional 5000 yr.
X-rays have two competing effects on primordial gas, as ionising the gas serves to both heat it and increase the number of free electrons, which catalyse the formation of molecular hydrogen. As H2 is the main coolant in primordial gas, this actually enhances cooling. We find that heating dominates in low density gas, but is overwhelmed at higher densities by the enhanced cooling that X-rays provide. The transition between these two regimes occurs between n = 1 and 100 cm −3 , depending on the strength of the CXB. One consequence of this is that modest X-ray fluxes fail to suppress fragmentation of the protostellar accretion disk, as the additional cooling they provide at these densities more than compensates for any heating. On the other hand, X-ray heating is very efficient at suppressing minihalo growth; the total gas mass within the virial radius of our Jxr = 100 J0 minihalo was less than half that in the Jxr = 0 minihalo. This is a global effect, extending to the total mass of the H2-cooled cold core, the mass of the central disk, and-except for the HD cooling-induced 10 J0 case-the total mass in sinks.
While X-ray heating at low densities serves to cut off the supply of gas available for star formation, once gas reaches n ∼ 100 cm −3 , further collapse is accelerated by the enhancement in H2 cooling. This leads to a difference of more than 2 million years between when the Jxr = 10 J0 minihalo first forms a sink particle and when the Jxr = 0 minihalo does. The gas in the Jxr = 100 J0 halo is actually colder than the 10 J0 halo, but its collapse is slowed by the reduction in the total mass of its cold core. In addition, if the CXB is strong enough, the increased H2 fraction can cool the gas sufficiently to activate the HD cooling channel. This sudden increase in the ability of the gas to cool greatly increases its susceptibility to fragmentation. If the amount of available H2-cooled gas is large enough, the resulting mass-loading destabilises the disk, which forms a pronounced spiral structure, fragmenting throughout. This leads to a large spike in both the number of sink particles formed and the total mass accreted by those particles. However, as the strength of the CXB continues to increase, the total amount of gas available to undergo HD cooling decreases. With less gas flowing onto the disk, it stabilises, and fragmentation is again suppressed.
In conclusion, X-rays have a wide and varied impact on the formation and evolution of Pop III star-forming systems that is quite sensitive to both the strength of the background and its time evolution. The presence of a CXB serves to accelerate collapse and enhance fragmentation of precondensed objects, while at the same time suppressing both their continued growth and the collapse of new minihaloes. The consequence of this is that there exists a 'Goldilocks' range of CXB strengths for which gas fragmentation and star formation are enhanced by HD cooling, and outside of which they are suppressed. The end result of this is a broad and varied Pop III IMF, as the sinks formed across our simulations vary in their final mass by an order of magnitude, from 3 M to 30 M . In agreement with recent work by Nakauchi et al. (2014) , this suggests that relatively lower mass Pop III stars resulting from HD cooling-induced fragmentation may be more common than previously thought. Combined with the recent discovery of nearly pristine gas in damped Ly α systems at z ∼ 3 and 7 (Fumagalli et al. 2011; Simcoe et al. 2012) , the highly inhomogeneous nature of the metal enrichment process (Tornatore et al. 2007; Ritter et al. 2012) suggests that some Pop III stars may still be in existence. If so, GRB or SNe from these Pop III progenitors may shed additional light on the properties of the first stars.
